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Design of nuclear materials with high radiation-tolerance has great significance
1
, 
especially for the next generation of nuclear energy systems
2,3
. Response of nano- and 
poly-crystals to irradiation depends on the radiation temperature, dose-rate and grain 
size
4-13
. However the dependencies had been studied and interpreted individually, and thus 
severely lacking is the ability to predict radiation performance of materials in extreme 
environments. Here we propose an operational window for radiation-resistant materials, 
which is based on a perspective of interactions among irradiation-induced interstitials, 
vacancies, and grain boundaries. Using atomic simulations, we find that healing grain 
boundaries needs much longer time than healing grain interiors. Not been noticed before, 
this finding suggests priority should be thereafter given to recovery of the grain boundary 
itself. This large disparity in healing time is reflected in the spectra of defects-recombination 
energy barriers by the presence of one high-barrier peak in addition to the peak of low 
barriers. The insight gained from the study instigates new avenues for examining the role of 
grain boundaries in healing the material. In particular, we sketch out the 
radiation-endurance window in the parameter space of temperature, dose-rate and grain 
size. The window helps evaluate material performance and develop resistant materials 
against radiation damage. 
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Grain boundaries (GBs) or interfaces are prevalent in poly- and nano-crystalline materials, 
governing many of their properties including mass transport, mechanical strength, and 
deformation
14,15
. GBs are expected to be effective sinks for all types of defects
16–19
, and generally 
considered as a detriment to material performance
20–23
. Recently, it has been proposed that 
advantage could be taken of GBs to absorb irradiation-generated defects like interstitials and 
vacancies, and then used to heal materials
1,19.
 The positive role of GBs has been supported by 
some experiments
4–7
 and simulations
18,19,24–28
. This is extremely beneficial to nuclear energy 
systems where highly radiation-tolerant materials are in demand
2,3
. 
Notwithstanding, overlooked is the fact that the GB has high energy and comes with an 
inherent instability, susceptible to radiation damage in GBs. This has been revealed by 
experiments
4–7
. Indeed GBs worsen radiation damage, depending on irradiation conditions 
(temperature and dose-rates) and grain sizes. In the case of gold, the nano-crystalline material is 
more radiation-tolerant at room temperature, while the poly-crystalline counterpart is more 
tolerant at extremely low temperatures ~15K
5
. Some nano-structured materials are stable to 
amorphization for a low dose-rate, while they undergo the crystalline-amorphous transformation 
when dose-rates increase
7
. Small grain-sized systems are more susceptible to irradiation-induced 
amorphization
8–11
, contrary to the prediction 
1,19
. These rather different irradiation responses show 
on one side that GBs can catalyze the recombination of interstitials and vacancies, but on the other 
side that GB can lose their role as sinks and catalysts. Therefore the critical issue is to understand 
why and how the GB plays positive or negative role during radiation. To address this issue, 
knowledge of damaging and healing the GB itself is essential, before understanding the 
mechanism of healing damage in materials via GBs by absorbing and removing defects. 
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To show how the system containing the GB is damaged and healed, we first performed MD 
simulations of collision cascades in a model tilt symmetric GB  5(310)/[001] in  -Fe at 1000 
K up to 4012 picoseconds (ps). The model geometry and the GB core structure are shown in Figs 
S1 and S2 in Supplementary Information. Several typical snapshots of defect generation and 
annihilation are shown in Fig. 1. The whole process is vividly visualized in the Movie S1 (see 
Supplementary Information). At about 0.5 ps, the cascade reaches its maximal size of about 3 nm 
and the cascade center is basically located at the GB plane (Fig. 1a). Interstitials move towards the 
GB, and after about 12 ps all the interstitials are trapped within the GB with a vacancy-dominated 
defect structure left in grain interiors (Fig. 1b). At about 267 ps, the two vacancies near the GB are 
completely removed, and consequently the grain interior is perfectly recovered (Fig. 1c). It seems 
that the whole system has been healed by this time, as observed previously
19
. 
However, when viewing along the GB, surprisingly we find that there still exists a large 
number of defects within the GB. After examining the vacancy and interstitial distribution (Fig. 
1d-i), clearly observed is a deficient zone of atoms (DZ) within the GB. DZ consists of a large 
number of vacancies and has a size of about 3 nm with interstitials surrounding it uniformly. 
These defects within the GB are removed via interstitial diffusion into DZ or occasional vacancy 
emission from DZ (Movie S1 in Supplementary Information). Such process is evidently different 
from that in healing grain interiors
19
. By 4012 ps (Fig. 1i), only one Frenkel pair survives within 
the GB, and as a consequence both the grain interior and boundary are truly healed. 
Apparently, our simulation strongly demonstrates that the damaged system heals via two 
processes. One is the healing of grain interiors from 0.5 to 267 ps, and the other is the healing of 
GBs up to 4012 ps. The difference in time scales implies distinctly different processes of defects 
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evolution. As observed in Movie S1 (see Supplementary Information), the grain interior is healed 
via defect recombination and segregation, while the GB itself is healed via defect annihilation 
around DZ. Importantly, we find two characteristic times, 1t =267 ps and 2t =4012 ps from our 
simulations. Only if the time interval between two collision cascades 0  (related to the dose-rate) 
is larger than 2t  is the whole system completely healed, which then enables the GB to absorb 
upcoming interstitials and vacancies in grain interiors sustainably. 
To understand quantitatively the observed difference in healing of the grain interior and 
boundary, we calculated the activation energy spectrum
29
. The spectrum, suggestive of 
defect-recombination event distribution on energy barriers, can be derived from defect numbers 
evolution during irradiation (Fig. 2a), and used to describe the kinetics of the damaged system as a 
whole. As shown in Fig. 2a, the number of defect increases sharply from 0 to 1.0 ps, followed by 
an abrupt decay from 1.0 to 10 ps and a slow decay from 10 to 4012 ps. The big difference in the 
two decay rates suggests occurrence of events with different energy barriers. Interestingly, we 
consistently observed two Gaussian-like peaks with well-defined ranges of energy barriers in Fig. 
2b. One is centered at 0.11 eV ( 1P ) and the other at 0.60 eV ( 2P ), which give rise to two decay 
rates of defect numbers in Fig. 2a. 
The results indicate that the entire spectrum (Fig. 2b) originates from two different 
contributions of defect annihilation within the grain interior and boundary. In the partial spectra 
Fig. 2c-e both low energy and high-energy peaks appear, but only the low-energy peak is present 
in Fig. 2d and f, indicating that high temperatures are required to heal the GB. Figure 2d and f also 
indicate the preferential segregation of interstitials over vacancies into the GB. We also note that 
the small peak P9 in Fig. 2f, not present in the total spectrum (Fig. 2b), arises from the GB 
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absorption of vacancies nearby rather than annihilation. 
On the basis of the results from simulations and support by the spectra, we established an 
overall perspective about interactions among GBs, irradiation-produced interstitials and vacancies 
(Fig. 3). The involved processes include segregation of interstitials and vacancies (processes I and 
II), their annihilation and respective diffusion in the bulk, near the GB and within the GB 
(processes 1, 2 and 3 ). Processes I, II and 1 (noticed in the previous work
19
), and 3 (noticed in 
reference
30
) contribute to healing grain interiors. Process 2 is critical to healing the GB, which has 
never been noticed before. 
In the next step, we calculated the energetic and kinetics of these processes using molecular 
statics (MS) and temperature-accelerated dynamics (TAD) methods
31,32
, focusing on processes I, 
II, 1 and 2. For processes I and II, our calculations reveal preferential absorption of interstitials by 
GBs because of larger segregation energy (2.7/0.5 eV), interaction range (14.8/9.4 Å) and lower 
diffusion barriers (0.33/0.63 eV) for interstitials/vacancies (Figs. S3-S5 in Supplementary 
Information), in agreement with previous results
19, 26, 27
. Further calculations indicate that, there 
exists level of GB width (interaction range) and GB depth (sink strength) for interstitials (15.6 Å, 
0.78) and vacancies (11.6 Å, 0.36) in general to a certain extent (Figs. S6 and S7, Table S1 in 
Supplementary Information). Moreover, segregation energies for interstitials and vacancies both 
have strong correlations with GB energies (Fig. S8 in Supplementary Information). The GB depth 
needed for interstitials or vacancies to be absorbed by GBs depends on bulk defect concentration 
(Fig. S9, Tables S1 and S2 in Supplementary Information). 
For process 1, the interstitial has been located at the GB, resulting in the formation of a 
spontaneous annihilation region centered at the interstitial (Fig. S10-S12 in Supplementary 
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Information) and enhanced vacancy diffusion near the GB (Figs. S13 and S14 in Supplementary 
Information). Similarly, vacancies near the GB will modify the sink for interstitials compared with 
that in process I. If the vacancy is located within the above annihilation region (a limited range of 
about 10 Å), it will recombine with the interstitial, otherwise the interstitial has to overcome a 
high energy barrier of about 2.8 eV (Figs. S15 and S16 in Supplementary Information) to migrate 
out of the GB. The annihilation event involves a concerted motion of multiple atoms, with a 
distribution in both annihilation energy barriers and the number of atoms involved (Figs. S17-S19, 
Tables S3-S5, Movie S2 in Supplementary Information). 
For process 2, although interstitials and vacancies within the GB can source from the 
segregation processes I and II, but it should be stressed that interstitials and vacancies can also be 
more easily generated within the GB due to much lower defect formation energies there (Figs. S3 
and S4 in Supplementary Information). As observed in Movie S1 (see Supplementary 
Information), irradiation-produced vacancies form a deficient zone of atoms (namely DZ) 
surrounded by interstitials within the GB. Careful examination shows that interstitials and 
vacancies are distributed at the bottom of the sink (Figs. S3 and S4 in Supplementary Information), 
where the defect formation energies reach a minimal value. Thus, the formation of DZ and 
distribution of interstitials within the GB have a close relation to the defect formation energy 
profile at the GB. This implies that our observed phenomenon during irradiation is popular 
because of similar features on defect formation energy profiles in most GBs (Fig. S6 in 
Supplementary Information). 
When the interstitial is very close to DZ, the annihilation is similar to that in process 1 (Figs. 
S17-S19, Tables S3-S5, Movie S3 in Supplementary Information). For interstitial far apart from 
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DZ, it has to diffuse individually before encountering DZ. Our TAD calculations indicate that 
interstitials diffuse concertedly within the GB involving three atoms with displacements larger 
than 0.6 Å and ten other atoms with smaller displacements (Figs. S20 and S21, Movie S4 in 
Supplementary Information). The easiest transition is parallel to the tilt axis which still has a 
barrier of 0.59 eV. Vacancy diffusion also is a little difficult within the GB (Fig. S20 in 
Supplementary Information). 
Combining atomic calculations of processes in Fig. 3 with the spectra in Fig. 2b-f, we know 
that the low-energy peak in Fig. 2b stems from annihilation of close Frenkel pairs, while both 
segregation and annihilation contribute to the peaks of low energy barriers in Fig. 2c-f. The 
high-energy peak arises from the formation of the DZ and difficult diffusion of interstitials within 
the GB, which naturally make the probability smaller of interstitials and vacancies encountering 
each other within the GB. Now the spectra can shed light on understanding the large difference in 
healing of the grain interior and boundary. Based on the activation energy and its dependence on 
the system temperature, we can accordingly judge whether defects can survive in different regions. 
At extremely low temperatures, a large portion of defects with barriers about 0.1 eV (Fig. 2b-f) are 
practically immobile and will survive within both the grain interior and GB. These defects will 
therefore accumulate with time constantly. As the temperature increases defects will recombine or 
segregate into the GB. The defects, corresponding to the low temperature peaks, begin to lose their 
role in defect accumulation. Only those defects with energy barriers about 0.6 eV (Fig. 2b) can 
survive within the GB. When the temperature is high enough to anneal defects out within the GB, 
the GB can maintain to be a perfect sink. In other words, the spectra mainly indicate a sequential 
healing of the grain interior and the GB itself. Meanwhile, a stepwise temperature-dependent 
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irradiation response of materials can be expected, in agreement with experimental results
5
. 
On the basis of the overall perspective mentioned above, we propose a operational window 
for nuclear materials in the parameter space of temperatures, radiation dose-rates and grain sizes 
(Fig.4 and Fig. S23 in Supplementary Information). In details, the region between two grains are 
divided into the annihilation region, the low barrier region, the buffer region, and the bulk region 
(Fig. 4a), where defects exhibit obviously different behaviors in defect annihilation or diffusion. 
To determine the range of buffer region (L) and its dependence on temperature, Fig. 4b presents 
the distance that an interstitial or a vacancy diffuse within a given time interval between two 
cascades at a certain temperature. According to irradiation responses, the parameter space of grain 
sizes and temperatures can be divided into three functional regimes. 
In the regime A, both the interstitial and vacancy cannot migrate into the GB because the 
grain size is larger than the distance that the defects can diffuse within the given time interval. If 
the system temperature is extremely low (lower than 40 K in Fig. 2b), all of the atomic processes 
are inactive and defects will accumulate in the whole system (as experimentally observed results 
in the system of Au with a size of 23 nm at 15 K
5
). As the temperature increases, defects close to 
each other can recombine and only well-separated interstitials and vacancies can survive (Fig. 2b). 
If the temperature is high enough to activate interstitials (Fig. S14 in Supplementary Information) 
the system can recover well (as experimentally observed results in the system of Cu with a size of 
250 nm at 77 K
10
). In the regime B, the grain size is so small that interstitials can diffuse into the 
GB with vacancies left in grain interiors. The system will exhibit inferior radiation performance 
(as experimentally observed results in the system of FeAl with a size of 160 nm at room 
temperature
7
). In the regime C, both interstitials and vacancies can migrate into the GB and the 
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GB works well in serving as sinks for defects. Hence the system shows the best radiation damage 
tolerance (as experimentally observed results in the system of FeAl with a size of 35 nm
7
 and that 
of Au with a size of 23 nm at room temperature 
5
). 
Additionally, as indicated by the black line in Fig. 4b, there should exists a critical size below 
which the GB will lose efficiency as sinks because of difficulty in healing the GB. From the 
consideration of the formation of the DZ induced by PKA with 3 keV energy in our simulations, 
and the low mobility of interstitials within the GB plane, the critical size is about 10 nm. The 
precise value of the critical size should be related to PKA energies. Furthermore, the difficulty in 
healing the GB predicts that small systems are more susceptible to damage (as experimentally 
observed results in the system of Cu with a size of 2.8 nm at 76 K
10
), contrary to the previous 
prediction 
1, 19
. Another factor is the radiation dose-rates, which are related to defect migration 
time (Fig. S23 in Supplementary Information). 
Based on above calculations and experimental results, we believe that there exists a window 
where materials exhibit high radiation tolerance, valuable to the design and utilization of highly 
radiation-resistant materials. Meanwhile, there exist regimes where GBs lose their positive roles as 
sinks and catalysts. To recover radiation-induced damage perfectly, it is essential to heal the GB 
sink itself, besides healing grain interiors via the sink absorbing defects. This concept can be 
applicable to other types of boundaries like interfaces of interphase because of easily damaged 
feature of interfaces. In addition, slow processes like GB healing should be incorporated into 
predictive models of material lifetimes. 
 
Methods 
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GB structure modeling. The grain boundary (GB) used in this work is a  5 (310)/[001] 
symmetric tilt GB (Σ indicates the degree of geometrical coincidence at a GB) in bcc iron 
containing 95,520 atoms with a size of about 180×70×90 Å
 3
. Periodic boundary conditions were 
applied in the two directions parallel to the GB plane, but the fixed boundary condition is in the 
direction normal to the GB plane. The simulation cells consist of a moving region sandwiched 
between two rigid regions (see Supplementary Information Fig. S1). The GB energy is minimized 
through the relaxation of all non-rigid atoms and the rigid-body translations of one grain relative 
to the other in all three Cartesian directions at 0 K. The lowest-energy GB structure has energy of 
0.99 J/m
2
. And a smaller system having 3792 atoms with a size of about 70×30×20 Å 
3
 is used for 
the calculation of vacancy (interstitial) formation energies, migration barriers and their 
annihilation barriers near the GB and within the GB in considering the computational time 
expense of temperature-accelerated dynamics (TAD)
31,32
. 
 
Detains of MD. Molecular dynamics (MD) was performed to study cascade-induced damage near 
the GB at 1000 K using the velocity-Verlet method for the numerical integration, and the 
simulations ran for about 4 nano-seconds. An atom at 23 Å on one side of the GB and located at 
the center of the plane parallel to the GB plane was selected as the PKA. The atom was given 3 
keV of kinetic energy with its velocity directed perpendicularly toward the GB. The atoms in the 
outermost layers of the moving region, with a thickness of two times the lattice constant, were 
coupled with a velocity-rescaling thermostat to absorb the cascade energy and maintain the system 
temperature at 1000 K. The embedded-atom-method (EAM) interatomic potential developed by 
Mendelev et al.
33
 was used to model the interatomic interaction, and the short-range form of the 
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potential was splined to reproduce the high-energy empirical potential of Ziegler et al
34
. 
 
Characterization of the damaged GB structure. In the visualization of defect configurations, 
atoms were color coded to differetiate their potential energy. Atoms with energy deviation from 
the bulk value less than 0.1 eV were treated as non-defective and not shown. A vacancy is 
characterized as a 14-atom cluster consisting of its first and second nearest neighbors. And the 
cluster comprises of atoms less than 14 within the GB for a smaller coordination number. To 
count defect numbers during the radiation, the resulting interstitials and vacancies were identified 
using the Wigner-Seitz cell method
35
. The spectrum of activation energies
29
 was adopted as an 
approach to kinetics of the damaged GB structure with a highly disordered region localized in 
space. 
 
Analysis of the activation energy spectrum. Molecular statics calculations were carried out for 
vacancy and interstitial formation energies and segregation energies, while defect migration 
barriers were determined using the nudged elastic band (NEB) method
36
. The interstitial diffusion 
within the GB and the annihilation events near the GB and within the GB were investigated using 
TAD, because how these events proceed is non-intuitive. In the TAD calculation, the lower and 
high temperatures were set to 300 K and 1000 K, respectively based on the requirements that the 
method could monitor events occurring on a time scale of nano-seconds at the chosen high 
temperature. The minimum preexponential factor min  and an uncertainty   were set at 
min =5×10
11
 and  =0.05. 
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Figure 1 | The defect evolution within the grain interior and GB. a-c, Defect evolution in grain 
interiors. d-i, Defect evolution within the GB. Here V is indicative of a vacancy while DZ is for 
deficient zone of atoms and SIA is for interstitials. A vacancy is characterized as a 14-atom cluster 
consisting of its first and second nearest neighbors. And the cluster comprises atoms less than 14 
at the GB for a smaller coordination number than that in the bulk. Atoms are colored with their 
potential energy; atoms with energy deviation from the bulk value less than 0.1 eV are treated as 
non-defective and are not shown. X, Y and Z are along [310], [130]  and [001], respectively. 
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Figure 2 | Variations of defect numbers as a function of time and activation energy spectra of 
the damaged system. a, Evolution of vacancy and interstitial numbers N with time within the 
grain interior and GB. Defect numbers increase sharply with time, followed by an abrupt decay 
and a slow decay (Increase1, Decay1 and Decay2 indicates three stages, respectively). b, The total 
activation energy spectrum derived from variations of total defect numbers with time. N_total is 
the total defect numbers. c-f, The partial spectra of activation energies. N_partial is the defect 
number of interstitials or vacancies. Assuming first-order kinetics holds for segregation and 
annihilation of radiation-produced defects, the defect number 
1 2
ji
n n -t-t
tt
i =1 j =1
jN  (t) = e = f e∑ ∑ and 
the lifetime jt can be related to the activation energy ajE via 0( )aj B jE k Tln t   during 
relaxation of the damaged structure. The distribution of jf in ajE is the activation energy 
spectrum. Activation temperature 
aT is obtained via harmonic approximation 
/
0 1/
a B aE k Tt e  
where 
0  is chosen as 10
12
/s and 
Bk  is the Boltzmann constant of 8.617×10
-5
eV/K; aE  is 
activation energy. And t is given a value of one second here, which is the time interval between 
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two successive cascades. The GB region is the bottom of the sink that GBs function as for defects. 
And the width of the region is about 5/10 Å for vacancies/interstitials (see Supplementary 
Information, Figs S3 and S4). 
 
 
Figure 3 | Illustration of interactions among vacancies, interstitials and GBs. Here green 
spheres are indicative of interstitials and red squares are for vacancies. Processes I and II are 
segregation of interstitials and vacancies characterized by segregation energy Eseg, activation 
energy Ea and activation temperature Ta. Eseg is reduction of defect formation energies compared 
with that in the bulk. Process 1, 2, and 3 are annihilation of close Frenkel pairs or respective 
diffusions of interstitials and vacancies as they are far apart, in the bulk, near the GB, and within 
the GB. W is the width of interaction range (Figs S3 and S4 in Supplementary Information). The 
process 1 has been described as interstitial emission
19
. The process 1' mainly exists in some 
special systems where vacancies have higher mobility than interstitials or occurs in annihilation of 
interstitials near the GB and vacancies within the DZ. Processes I, II, 1, and 3 heal the grain 
interior while annihilation in the process 2 contributes to healing the GB. 
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Figure 4 | GB functional regions and the estimated optimal grain size based on interstitial 
and vacancy behaviors within the grain interior and GB. Here W is the interaction width 
between the GB and defects (Fig. S6 in Supplementary Information). a, Division of the space 
between two grains considering vacancy and interstitial formation energies and migration energies 
(see Supplementary Information, Figs S3-S5). The annihilation region, consisting of unstable sites 
(see Supplementary Information, Figs S10 and S17), surrounds the interstitial trapped at the GB. 
The low barrier region is GB-enhanced defect diffusion region. The buffer region with a width of 
L is directional defect-diffusion region driven by the defect concentration gradient between the 
low barrier region and the bulk region. The bulk region has no biased driving force for defect 
diffusion and the process 3 (Fig. 3) works there. b, Different regimes in the parameter space of the 
grain size and temperature. 6L Dt  and the diffusion coefficient D for a single vacancy or 
interstitial at temperature T is given by 
2
0 ( / )a BD d exp E k T  . d is the jump distance, which 
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is 
3
2
a  for a bcc lattice and a  is the lattice constant. As a conservative estimation, activation 
energy Ea in the bulk is used having a value 0.63 eV for vacancies and 0.33 eV for interstitials. t  
is the time interval between collision cascades given two values one second and minute, which 
relates to dose-rates. For a low dose-rate a large time interval, the border of the regime C extends 
towards left as the red arrow indicates. SRIM
37
 gives several dpa per year for radiation of PKA 
with 3 keV to  -Fe of 5 nm, given cascade time interval one second. To make comparison with 
available experimental results, some samples with a certain grain size and irradiated at a certain 
temperature are marked using a blue filled triangle. 
